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I 1 Introduction

Zuo-Tang Liang & Xin-Nian Wang, PRL 94, 102301(2005); PLB 629, 20 (2005)
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I 1 Introduction

Zuo-Tang Liang & Xin-Nian Wang, PRL 94, 102301(2005); PLB 629, 20 (2005)

Quark spin density matrix

) 1+P, 0 :
@ — %( ) only diagonal elements

P 0 1—P,
Quark combination

Hyperon: ¢ +¢q+¢qs —H plane) = 5@ @ 5@ @ 5@ g
P = (Jurym0 q1q2q3 | Jrr,m) Py = iczPW P, o) O

Vector meson: Q. +q,—V Ia(q@) _ /A)(ql) ® ﬁ@) @
oY = (ivsm/ |5 iy, m) Pl = ;;;;1; ~ :1),;1; @

It was for the most simplified case:

@ P, was taken as a constant, no fluctuation, no spin correlations

@ no other degree of freedom (d.o.f.)




I 1 Introduction

Consider fluctuation and/or other degree of freedom

Hyperon: a+q+qgs—H
Po=([Ser) ) =Soecro=cry (P,PY=((P,P,) )}
= ul o
Vector meson: ¢+ gV inside the vector meson V //
S <qu P52> 1—(P,) < P72> over the system or a sub-system S

= +
s (p, Py | 3 (R (P

STAR data indicate: (P,P)#<P) (P,) means correlation !

® How to describe quark spin correlations?

® How correlations affect hadronic-level properties?

> a systematic study




I 2 Description of quark spin correlations in HIC

O Only spin degree of freedom is considered

® For single particle: the complete set {I,5y,}
ﬁ(l) = % (]I + Ph&h-) P, ={0u)= T"’[P(Dalz]
® Two particle system (12) : the complete set {I;,0;} @ {15,04;}
we are used to 1

~ (12

P ) = ? []11 QI+ P01, I, + P2j]Il ® 82]‘ +t(12 O1i ®G2J

P,, : polarization of particle 1 P,; : polarization of particle 2

tG? : spin correlation between the two particles

Shortage: ¢ =Py, P5; # 0 if p=pxp®
propose

p=pWRp® + =5y R Gy, ti? =ci? + P, P, ci? =01;04;) — {Griy {Toy)

22 ZJ



I 2 Description of quark spin correlations in HIC

0 Take other degrees of freedom into account

® For single particle: p% ()= 1 []1 + P, (a)5y,] « : any other degree of freedom

® Two particle system A=(12): 7" (a1,00)=p" () ® p () + 55 cffz)(oq,ozz)&h@a%

Suppose A= (12) is in the state |ai2) , the iz -dependence spin density matrix

P2 (o) = (P | ons ) average inside A
1 _ ~ ~
— P( ) (alz) ® P( ) (a12) + 52 22 z(glz) (0412) 01; & 09,
The polarization Py (0n) =Py () ) equals to Py, averaged inside A
However, the correlation (2 (ay,) # (c{? (ay, a5) ) not equal to c{}” averaged inside A

—(12) (au2) = (cf, (12 (o, ap) )+ 62(]12 9 ()

“effective correlation” = “genuine correlation” + “induced correlation”

the observed dynamical process due to average over «;

3% (ans) = (P (an) Poj (i) ) — (Py; (an) ) {Py; () )



I 3 Correlations in HIC using non-relativistic quark combination model

For ¢+ @:—V, in general ¥ = M ,5((11?12>./\A/lT M : transition operator

If only spin degree of freedom

=Ny (gmlmams) (myma|p ™ |m/ymly ) (mlyms |jm”) independent of M
since Mo
(jml| /\j” myms ) = Z ( jm| /\j” Fmy (G'm! [mams ) space rotation invariance demands:
.. . 7i'm/’
transition matrix . @ angular momentum conservation

= (gm|[ M|jm) (jm|mims) o

/ \ J—J] ., m=m

Clebsch-Gordan coefficients @ (jm| M jim) = (Gl M| 5

constant indepent of m

This is also true if o~dependence but the wave function is factorized, i.e. [im,ay) = |jm)|ay )

. S (a149) A4 T
i () = {m, aw | Mp™ ™ M. | ) .



I 3-1 Spin density matrix for vector mesons

Spin alignment

S (TR MR S

The vector meson’s off-diagonal element

pio (o) = \/70 {C(MQ) +c (qm) + quz (1 + 13?122) + (1 + _q1z> _712“’
_ i[Elg;hqz) +c (qﬂlz) + Pq y (1 + ﬁ%z) + (1 + ﬁ‘hz) _qui|},
Po 1 (ay) = \/70 { C(qm) (qlq2) + qu ( ]3 )‘|‘ (1 - it_)qlz) _71235

4l 4 o) p

1 0= . - — _
,01V—1 (av) — 5_ {03(61142) _ C?S?quq2> _|_ quxpazw ‘117JP712y _

|4

Sensitive to the local spin correlation between 41 and 4-.




I 3-2 Global hyperon polarization

A polarization ¢+ q.+qs—H
o E(_uds) _I_E(us)p '—|_E'(d5)ﬁ . A
O e T
1— Ez'(z‘Ud) — P, Py @ @ I
W

contribution from quark spin correlations

For other J¥ =(1/2) " hyperons

n(ddu) pluud)
P T ........ g
1 | P, | 1 - bpw | /D T
Py = 3 (4P, — P+ Lt Poy= = (2P, +2P,— P+ F= | e’ i~ L
112 3 1 2 | CH o 3 : CEO i U@
e R . A (uds)
6p#,,,C,.,0ps5,,Cs, are given in Phys. Rev. D 109, 114003 (2024) H(‘ml':()

By studying P , study the average of quark polarization p, .
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I 3-3 Global hyperon-(anti)hyperon spin correlation

For spin-1/2 hyperon pair H,H, or H,H,, the spin correlations

_ H, H2 H,H, H\H, H\H,
i, — S+ — [t f +_
fflz H1H2 fH1H2 ff{iHQ
quark spin correlation: q+q.+qgs—H, q.+ qs+qs—H,

qq: Ei(Jqlb) (0‘ O >_ Z[ i) (O‘qﬂafb)+ qlz(aql) 957 (O‘qz)} | (v, [ am, ) | W(O‘Hl) [ (O‘H1>
qa: Ei(]qlb (CVH1> ) Z cy (0195)

2

a9 n|05H1 ‘ m|af{2>

only long range, no induced contributions

= el Py + el P,

A

(aA,a) Py. (o) P, (a )—I— ¢l — g [ff)Pm—l—cfZ“S)Pdl}

Sensitive to the long range spin correlation between s and s .



I 3-3 Global hyperon-(anti)hyperon spin correlation

A ﬁll?
""" G 5 N
] . IBY L pe 2P2 . .. . Q. @
AHy, ot TR (w) @] 4 [o=(sa2) | —(sq7) [ \
c. P(opay )=Py(an) Py (an )i — — [B + Bl } — [2022 +c., } © O ]
112 i 112% nz’t 3 i / f f r \
. | [N SCA CYHl12 @ \\\ @ /
® A and X° AW =92 (el +C(q3))_c(q5) B(}q) — 4gl) _ 5l
f zZ Rz Rz zZ zZ
f AT p: f
0 1 : : f i_ u _ —(ss —(su - (s
cA® (aAaO)NPAZ(aA)PEOz(aEO)E—FE 3 | 3(_2 [A(?)_FA(;I)] —_j [4C§Z )¢l )_|_C§Zd)]
[ R =0
‘. HIEQ B —~ P P* _ _I_ —(q7])
no flavor-depdence Coz (aHla o H2) ~ Hl(aH1> H2(a HQ) Czz

For the complete results, seen in:

Ji-peng Lv, Zi-han Yu, Zuo-tang Liang, paper in preparation (2025)
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I 3-4 Numerical estimates

In principle, we can extract quark polarizations P, and spin correlations ¢{** from

available data, and make predication for other measurements.

A very rough estimation 1s made by keeping only leading terms,

102

+ snn [GeV]

+ s [GeV]

10 ALY T T T L
I ALICE PRC101.044611(2020) STAR Au+Au 20%-50% 0.00
8- O A Pbs+Pb 5%-15% ® A PRC98.014910 (2018) (1) <PA > ~ <PS >
r O A Pb+Pb 15%-50% ® A Nature548.62 (2017)
6 & A PRC104.L061901 (2021) ] -0.05 9
g 4- HADES PLB835.137506(2022) —_ (2) < ¢ > 1 é;sg <Ps >
< T A A Ag+Ag 20%-40% “y§ 00 —
2 2-_ Y A AusAu 20%-40% : -0.10 p 3 —|— Z(§8¢) —I— <P5 > 2
° s AA ~ T (85) 2
_2- il | Ll - S (3) <sz > C AA —|_ <P5 >
10 10? 10° t L L
Vo [GeV] 0.20 - -
0.40 ————rr7 — g (b) »
X —Cr . .
vaal N6 (SIS se) U5 ’ * Case 1: no quark spin correlation
= 2§ 0.00
©8 0.36} S ° . (38) (88)
S Case2:  Cug = C_ %
0.34f -0.10
local long range
0.32L e L -0.20 T -
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I 4 Summary and outlook

O Hyperon global polarization reflects the average quark polarization, vector meson spin alignment is
sensitive to quark-antiquark spin correlations, opening a window to study quark spin correlations
in HIC.

O Quark spin correlations are classified into local and long range. Effective correlations contain
genuine correlations from dynamics and induced correlations due to average over other degrees of

freedom.

O Vector meson density matrix elements may provide important information on the local correlations,

while hyperon-(anti)hyperon spin correlation are sensitive to long range quark spin correlations.

Thank qou

O For spin-3/2 baryons, see 9-24 Zi-han Yu’s talk.
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Back up
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I Local correlation or long range correlation

pOO

p ™
The STAR data show that:  (P.7;) # (P,)(7;) Zuo-Tang Liang, SPIN 2023
T T e I(I|]yl|<1.6&‘1,l2:<lr;1_”<l5.4 Gevic) 1 <PqP§> — <<PqP?_z> V> g
0.4/ o K°(ly| <1.0& 1.0 <p_<5.0 GeV/c) |
—GY=464+073m’ - . /
B oo — inside the vector meson V
0.35[ 4 ] over the whole system or a sub-system S
03] | .
I (1) local correlation: {P,P,) Py (P;) .
- filled: STAR (Au+Au & 20% - 60% Centrality) o
0.251- Spdon TR B o % Celntralis‘:y)o ] (2) long range correlation: <P . P ?z> v (Ppv <P 71> v
10 107 10°
\'% (GGV) <<Pq>v<Pq>V>Si<<Pq>V>S<<PQ>V>S

STAR, Nature 614, 244 (2023).
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I Why quark combination model

Interpretation 1:

PRL 98 (2007) 162301 PRL 98 (2007) 162301
_| T 1T 11 ‘ LR | T T 11 | T 1T 11 l'I'l T 1 T 1 T 1 T 1 | T 1T 1T 1 | T ] | T 1T | T 1T | T 1T |
0.3 e m+m (PHENIX) < p+p. (PHENIX) | o mt+mw (PHENIX) < p+p. (PHENIX) .
m K*+K (PHENIX) O A+A (STAR) | ® K'+K" (PHENIX) O A+A (STAR) q —+ q— V q1 -+ g2 -+ qs — B
I - Kg (STAR) 0 Z+Z (STAR) | 0.1 Kq (STAR) O E+Z (STAR)
, + b 1+ | PLu=Dia= o Pi1—=Pi2—Pis 3
0.2 Lo T+ é] J‘Jﬁ!#} ¢ | | 2
o~ I OT T [ éﬁ
S P B
& .'-1‘ t E'?d:‘ f - )
® i 2 T
1— .;_-%O T L.O™ fM (pTaQO) f < 2 750)
0.1- g T . |
il .l{bO i
S, 200GeV | g 200 GeV s pr
i .'-% { MinBias MinBias - IB (pT,sa) f 3 o P
Ol I.JIJ I | | ‘I 1 |I Illl | |||0|5||||-|I|II1||51III2
0 1 2 3 40 1
pr (GeV/c) KE; (GeV) KE;/n, (GeV)

* Meson/Baryon splitting: Quark combination

* Number of Constituent Quark scaling: Parton degree of freedom

Interpretation 2:
| P>= folaqq) + fi lqqq9) + f> | aqqqq) + - Fock state
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I Measurement and sensitive quark spin quantities

Hadron Measurables sensitive quantities
spin-1/2 Hyperon polarization P, average quark polarization (P,
(hyperon H) Hyperon spin correlation ¢u,m,,¢,, 7 | long range spin correlations ¢, Cy;
spin-1 Spin alignment Poo local spin correlations ¢,
(Vector mesons) off-diagnal elements Pm'm local spin correlations Cgg
Hyperon polarization S, average quark polarization <P,
spin-3/2 .. . .
gy + Rank 2 tensor polarization S, local spin correlations Cgq
=) baryons = .
Rank 3 tensor polarization S, ,, local spin correlations Cgqq
D, 4
. : . .. 83
> Systematic studies of quark spin correlations in QGP! ; S

P
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I Global hyperon-(anti)hyperon spin correlation

ﬁ(l"'G) — }5(1) ) ﬁ(2) ® ﬁ(3) %) '5(4) R ﬁ(5) % /5(6)

+ %[ 6,00, RpW R p @ p® +14 exchange terms |

1 R N N N N
+ 53 (361, ® 0y, R 03, R p™ @ p® ® p'® +19 exchange terms |

1
+o1le [ 61, ® G2y ® 03 ® 64 ® p» ® p'® + 14 exchange terms |

1
+ > [CSB15) 51, ® Gay R Oy, @ 04y @ T @ p® 4+ 5 exchange terms |
1

(123456) A

+ 26 Cijkimn ~O1; 03¢ O2; Q) 031, Q 04 Q 05, Q Ty,

The spin correlation of AA

AA
~P.[ (™ P+ Py) (1= PPy )+ (k™ Py + e P. ) (1— P Py) |

= Po[(cl) Pyt el Pu) (1= Py Py ) + (el P+ ¢l P, ) (1~ P Pa) ]|
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I Global hyperon-(anti)hyperon spin correlation

o H, and EllZ

oo L ygla) | @i g po op?2

cgmHm(aHm,osz)%EPHmz(aHm)PHmZ(aHHQ)E—I—E R 1 [26;%43;‘%—ﬁ[zs;bw[s;ﬁ)}
S S
® Hi» and io _______________________
L s i ke A L ORI
: I ; Hypp =0
® X and X°
2 )P ) P (o AT T RAL AL L B [y o ap] - P fuag v s 4]

> iO
A(q) _ 2(Cz(zuq) + C(a@)) (stz) A(J{Z) =9 (ngqﬂ) + Cz(zqé)) _ Céfg)
B(TI) — 46;517]) . Ei;]g?l) B q) — 45(‘1711) . E(‘ﬁ]g)

(¢
f zZ zZ

Ji-peng Lv, Zi-han Yu, Zuo-tang Liang, paper in preparation (2025)

Sensitive to the long range spin correlation between ¢: and q. .
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I Experimental Measurements

In non-central AA collision:

Global polarization of hadronization >

quarks & anti-quarks

® Global hyperon polarization eg: A—p+

dN
dQ*

L " J

= 417T (1+ ap Pycosf™)

® Global vector meson spin alignment V' — M, + M,

mainly decay: K* = K" "+mn" 6= KT+ K~

dN

Polar angle distribution depends only on Poo !

Global polarization of hadrons

B 27 dN B 3 .
dcosf* _/0 ¢ 10 _Z[(l_f’oo)‘l‘(?)poo—l)cos 6*]

STAR, Nature 614, 244 (2023).
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